Inflammatory mediators through the activation of the protein kinase A (PKA) pathway sensitize primary afferent nociceptors to mechanical, thermal, and osmotic stimuli. However, it is unclear which ion conductances are responsible for PKA-induced nociceptor hyperexcitability. We have previously shown the abundant expression of Slack sodium-activated potassium (K Na ) channels in nociceptive dorsal root ganglion (DRG) neurons. Here we show using cultured DRG neurons, that of the total potassium current, I K , the K Na current is predominantly inhibited by PKA. We demonstrate that PKA modulation of K Na channels does not happen at the level of channel gating but arises from the internal trafficking of Slack channels from DRG membranes. Furthermore, we found that knocking down the Slack subunit by RNA interference causes a loss of firing accommodation analogous to that observed during PKA activation. Our data suggest that the change in nociceptive firing occurring during inflammation is the result of PKA-induced Slack channel trafficking.
Introduction
According to the Melzack-Wall gate control theory (Melzack and Wall, 1965) , neurons exhibit a range of responses according to various conditions. For example, pain-responsive neurons in the dorsal root ganglion (DRG), commonly known as nociceptors, exhibit intrinsic plasticity. Normally, nociceptors relay information to the CNS, indicating the location, nature, and intensity of the ensuing pain. During inflammation, nociceptors are sensitized: they have a lowered threshold of activation and increased spontaneous activity, resulting in symptoms of hyperalgesia. Inflammatory mediators such as prostaglandin E2 (PGE 2 ) (Hingtgen et al., 1995) , produce hyperalgesia through the activation of PKA Khasar et al., 1998 Khasar et al., , 1999 Schnizler et al., 2008) . The importance of PKA during inflammatory pain has been clearly established (Malmberg et al., 1997) . Ion channel modulation by PKA is, therefore, responsible for the intrinsic plasticity associated with nociceptor sensitization (Taiwo et al., 1989 (Taiwo et al., , 1992 Taiwo and Levine, 1991) . The duration of hyperalgesia can last from minutes to days, suggesting that membrane trafficking of ion channels (Ji et al., 2002; Zhang et al., 2005; Fabbretti et al., 2006 ) is likely to play an important role in nociceptor sensitization (Schmidt et al., 2009) . It is not known, however, whether K ϩ channel trafficking occurs during inflammation. K ϩ conductances progressively diminish in DRG neurons after PKA stimulation (Evans et al., 1999) , and PKA stimulation of DRG neurons causes hyperexcitability consistent with a reduction of K ϩ current (Song et al., 2006; Zheng et al., 2007) .
K Na channels are abundantly expressed in the cell bodies and axons of nociceptive DRG neurons (Bischoff et al., 1998; Tamsett et al., 2009) , and suggested to regulate DRG neuronal resting membrane potential (RMP) (Bischoff et al., 1998) . In neuronal simulations, K Na channels caused firing accommodation Brown et al., 2008) . These findings are congruent with the fact that K Na channels are a prominent rectifying K ϩ current in neurons (Dale, 1993; Hess et al., 2007; Budelli et al., 2009; Lu et al., 2010) . However, direct empirical evidence for K Na channel contribution to neuronal excitability has been lacking.
K Na channels are encoded by the Slack and Slick genes . Both channel subunits contain large C termini consisting of tandem RCK domains (regulators of K ϩ conductance) (Jiang et al., 2002; Ye et al., 2006) with many consensus PKA and protein kinase C (PKC) phosphorylation sites (Joiner et al., 1998; Bhattacharjee et al., 2003) . Although sensitive to PKC regulation (Santi et al., 2006) , recombinant Slack channels are unresponsive to PKA modulation (Nuwer et al., 2009 ). Most of the PKA consensus in Slack are located outside the RCK domains, suggesting that PKA modulation of Slack K Na channels should not affect gating but could involve protein-protein interaction and consequently trafficking of channels. Here we demonstrate that PKA activation in cultured DRG neurons produces hyperexcitability, a reduction in the K Na component of I K and Slack channel internalization. We also demonstrate that Slack K Na channel knockdown by RNA interference produces a loss of firing accommodation.
Materials and Methods
DRG neuronal culture and immunocytochemistry. Dorsal root ganglia were dissected from E15 embryos of Sprague Dawley rats. The ganglia were dissociated in trypsin (2.5 mg/ml) for 40 min. Cells were plated on poly-D-lysine (100 g/ml)-and laminin (3 g/ml)-coated coverslips, and maintained on serum-free C2 medium containing ␤-nerve growth factor (NGF) (100 ng/ml). Unlike neonatal and adult DRG neurons, embryonic DRG neurons require NGF for survival (Chalazonitis et al., 1987) . The day after dissection, cells were treated with 1 M cytosine-␤-D-arabinofuranoside for 2 d. Cells were allowed to recover for 2 d before use. For gene delivery experiments, neurons were supplemented with 1 mM nicotinamide. For Slack immunocytochemistry, after 5 d in culture, neurons were fixed in 4% paraformaldehyde over 30 min followed by a 30 min wash with PBS. Neurons were permeabilized with 0.1% Triton X-100 for 4 min and then washed again in PBS. Neurons were incubated with an anti-Slack antibody (1:1000) (Bhattacharjee et al., 2002) at 4°C overnight followed by a secondary AlexaFluor 546 goat anti-chicken antibody (1:1000) for 2 h at room temperature. After three washes in PBS, coverslips were then mounted on slides and imaged.
Electrophysiology. For current-clamp recordings, a Multiclamp 700B (Molecular Devices) was used and data were stored digitally using a Digidata interface. Only neurons that had a resting membrane potential more negative than Ϫ40 mV and input resistance Ͼ100 M⍀ were used. Depolarizing steps in increments of 10 pA from Ϫ10 to 200 pA (20 ms duration) were used to measure the action potential (AP) threshold current. Then the repetitive discharge of each cell was measured by injection of 2.5ϫ threshold stimulus for 1000 ms. For voltage-clamp, nystatinperforated patch-clamp recordings and inside-out recordings were performed using the gigaseal patch-clamp technique (Hamill et al., 1981) . Electrodes had resistances of 4 -5 M⍀ for nystatin-perforated patch recordings and 7-10 M⍀ for inside-out recordings. Data were acquired using an Axopatch 200B (Molecular Devices) and digitized at and filtered at either 5 kHz for nystatin recordings or 1 kHz for inside-out recordings. Data analysis was performed using Clampfit (Molecular Devices) and Origin (OriginLab Software). For current-clamp whole-cell and nystatin (125 g/l)-perforated patch recordings, the pipette solution contained the following (in mM): 124 K-gluconate, 2 MgCl 2, 13.2 NaCl, 1 EGTA, 10 HEPES, 4 Mg-ATP, and 0.3 Na-GTP, pH 7.2 (Wu and Pan, 2007) . The bath solution contained (in mM) 140 NaCl, 5.4 KCl, 1 CaCl 2 , 1 MgCl 2 , 15.6 HEPES, and 10 glucose, pH 7.4. For the nystatin (125 g/l)-perforated patch voltage-clamp, the extracellular solution contained the following (in mM): 140 NaCl, 5.4 KCl, 1 CaCl 2 , 1 MgCl 2 6H 2 O, 10 HEPES, and 10 glucose, with pH 7.3. For 0 mM Na ϩ bath solution, 140 mM N-methyl glucamine (NMG) was used for Na ϩ replacement in the above solution. The internal solution contained the following (in mM): 97.5 K-gluconate, 32.5 KCl, 10 HEPES, 1 EGTA, and 2 MgCl 2 6H 2 O, with pH 7.3. For inside-out recordings, a symmetric K ϩ solution was used containing the following (in mM): 130 KCl, 10 NaCl, 10 HEPES, 5 EGTA, and 2 MgATP, with pH 7.3. One millimolar TEA-Cl was added to the pipette solution to block contaminating large-conductance Slo K ϩ channels. 8-Bromo-cAMP and Rp-cAMPS were obtained from Calbiochem and the PKA catalytic subunit from Promega.
Molecular biology. The NtermGFP-Slack construct was made by TOPO cloning Slack without its original start methionine, in frame into the N-terminal GFP/pcDNA6.2 plasmid (Invitrogen). The negative control or scrambled siRNA was purchased from OligoEngine (ID #105205) and Slack-specific siRNAs were obtained from Ambion (ID numbers are 51466, 191981, and 191980 for Slack siRNA numbers 1, 2, and 3, respectively). siRNA subcloning procedures were performed as per the manufacturer's guidelines. siRNAs were cloned into the DNA plasmid pHSVsi (kindly provided to us by Y. Saeki, Ohio State University, Columbus, OH) for transfection experiments. For transduction experiments, siRNAs were cloned into an adenovirus intermediate vector for recombination into the Adeno-X/ZsGreen1 (Clonetech) virus. The recombined Adeno-X virus was transfected into HEK 293A cells and amplified, and titers were calculated as multiplicity of infection (MOI) from HEK cells. We used 125 MOI of negative control siRNA versus 62.5 MOI of Slack siRNA#1 ϩ 62.5 Slack siRNA#3 for Slack knockdown experiments. For Western analysis, DRG neurons were collected in lysis buffer containing protease inhibitors and Laemmli sample buffer (Bio-Rad). Samples were boiled for 10 min and loaded onto a Ready Gel (BioRad) (4 -15% Tris-HCl). After electrophoresis, the gel was transferred to a PVDF membrane, then blocked with nonfat dry milk prior incubation with an anti-Slack antibody (NeuroMab). The signal was detected using horseradish peroxidase-conjugated secondary antibody and chemiluminescent substrate kit (KPL). For PCR, mRNA was harvested from DRG neurons and HEK cells stably expressing Slack, using the RNeasy Mini kit (Qiagen) following the manufacturer's instructions. After quantification, 0.5 g of RNA was reverse transcribed into cDNA using the iScript cDNA Synthesis Kit (Bio-Rad). One-tenth of that reaction volume was used in a PCR with gene-specific primers for Slack producing a cDNA fragment of 100 bp.
Live-cell imaging and analysis. All imaging experiments were performed at 5% CO 2 and 37°C. Neurons were plated onto 35 mm glass dishes coated with laminin and poly-D-lysine (MatTek). Neurons were transfected after 5 d in culture with 1 g of NtermGFP-Slack/ pcDNA6.2 plasmid using Lipofectamine LTX (Invitrogen). After 48 h, cells were labeled with 50 g/l concanavalin A-AlexaFluor 647 (Invitrogen) for 5 min. After two brief washes in PBS, fluorescing neurons were used for imaging. Images were acquired using a Zeiss LSM Meta Confocal Microscope with a 63ϫ oil-immersion objective and acquired using LSM ImageExaminer software. Sectioning from the z-stack is divided upon time points and allows for specific selection of slices based on individual time points. We quantified the colocalization signal on one slice before and after PKA activation using ImageJ colocalization software (National Institutes of Health). This software analyzes the overlap coefficient from two channels (red and green) in overlapping confocal images. A resultant grayscale image is produced, and the gray values representing the area of overlap can be measured and quantified.
Membrane protein biotinylation. DRG neurons were plated on a poly-D-lysine-and laminin-coated six-well plate. DRG neurons were treated with 250 M 8-bromo-cAMP for 30 min at 7% CO 2 and 37°C. Then 160 l of 10 mM Sulfo-NHS-SS-Biotin (Thermo Scientific) was added to each well and incubated at room temperature for 45 min. During this time, 100 l of Pierce Streptavidin Magnetic Beads (Thermo Scientific) were washed with PBS ϩ 0.1% Tween. After 45 min, the cells were rinsed with PBS and lysed with a buffer containing PBS, 150 mM NaCl, 1% Nonidet P-40, and 0.1% SDS, pH 8.0. PMSF, a protease inhibitor cocktail, and a phosphatase inhibitor cocktail (Sigma) were also added to the lysis buffer. Samples were then incubated with 50 l of the avidin beads and rotated at room temperature for 2 h. The samples were then washed twice in PBS. After removing the supernatant, beads were resuspended in Laemmli sample buffer (Bio-Rad) and boiled for 5 min. Samples were loaded onto a Ready Gel (Bio-Rad) (4 -15% Tris-HCl). After electrophoresis, the gel was then transferred onto a PVDF membrane for 1 h and incubated in 5% nonfat dry milk as a blocking agent for 2 h. The anti-Slack (NeuroMab) primary antibody was used for Western analysis. The signal was detected using horseradish peroxidase-conjugated secondary antibody and chemiluminescent substrate kit (KPL). Densitometry analyses obtained from Western blots were conducted using Quantity One (BioRad) software.
Results

Cultured DRG neurons contain Slack K Na channels
To investigate the modulation of native K Na channels by PKA, we used cultured embryonic DRG neurons. Like their adult counterparts (Tamsett et al., 2009) , embryonic cultured DRG neurons abundantly express the Slack subunit (Fig. 1 A) . We have confirmed this immunohistochemistry data by both PCR and Western analysis (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Voltage-clamp whole-cell recordings were conducted in these DRG neurons (Fig. 1 B) , and when external Na ϩ was substituted with NMG, I K of DRG neurons was greatly reduced, to ϳ40% its control value (n ϭ 6). This is very similar to K Na reported in Xenopus spinal neurons (Dale, 1993) , lamprey spinal cord neurons (Hess et al., 2007) , and rat olfactory neurons (Budelli et al., 2009 ). These cultured embryonic neurons are ideal because they are also homogenous in their firing properties (Chen et al., 1987; Grigaliunas et al., 2002; Toman et al., 2004) . Neurons are cultured in serum-free medium containing NGF. NGF is critical for embryonic neuronal survival (Chalazo-nitis et al., 1987) ; however, this condition also produces a highly enriched population of peptidergic DRG neurons (Bucelli et al., 2008) . AP properties generally resemble those of mature peptidergic nociceptors (Fig. 1C) Fang et al., 2005; Binshtok et al., 2007) . Conversely, afterhyperpolarizations were smaller, and AP base durations longer, than previously reported (Fang et al., 2005) (Table 1) , but this is probably due to differences in recording technique and recording conditions. Nonetheless, cultured neurons universally exhibit firing accommodation during a sustained stimulus (2.5ϫ the stimulus threshold) (Fig. 1C) . We have recorded 152 untreated neurons in this manner and have never observed repetitive firing.
The K Na component of I K in DRG neurons is reduced after PKA activation Also like their adult counterparts (Cui and Nicol, 1995) , cultured embryonic DRG neurons exhibit hyperexcitability after PKA activation. Using nystatin-perforated patch whole-cell currentclamp on cultured DRG neurons, we typically see neurons fire less than two APs in response to 2.5ϫ the stimulus threshold (Fig.  2 A) (n ϭ 6) before PKA stimulation. After application of 250 M 8-bromo-cAMP, the PKA activator, five of the six neurons exhibited a progressive loss of firing accommodation, and after 10 min no firing accommodation was observed (Fig. 2 A) . Previous reports on the effects of PGE 2 /PKA on I K in DRG neurons are conflicting. When I K is recorded in neurons under Na ϩ -free con- Figure 1 . K Na channels in cultured DRG neurons. A. Slack immunolabeling in E15 cultured embryonic DRG neurons. Using confocal microscopy, we found robust staining localized at the outer membrane of all neurons (left panel). We also found immunoreactivity within the axonal projections of these neurons, which is more clearly seen with a full projection (right panel). B, Removal of extracellular Na ϩ reduces I K of DRG neurons. A DRG neuron was recorded using the voltage-clamp whole-cell technique. Protocol consisted of 200 ms steps from Ϫ120 mV to ϩ120 mV. Voltage was clamped at Ϫ70 mV. Neuron was initially recorded in high external Na ϩ (top left panel) and then perfused with a solution in which Na ϩ was substituted with N-methyl-D-glucamine (bottom left panel). C, Representative action potential in an unstimulated neuron fired during a 10 ms pulse of 300 pA (left panel). Action potential properties resemble mature peptidergic nociceptors. During 2.5ϫ threshold protocol maintained for 1000 ms, neurons exhibit firing accommodation, typically firing less than two action potentials (right column). This type of firing was observed in all unstimulated neurons recorded (n ϭ 152). . Current-clamp recordings were performed using nystatin-perforated patches, and stimulation was 2.5ϫ threshold for 1000 ms. Progressive loss of firing accommodation after 8-bromo-cAMP application was observed in five of the six neurons. B, C, Left, Representative traces of perforated-patch whole-cell recordings of I K recorded before and after application of 250 M 8-bromo-cAMP in Na ϩ -free external solution (B) and Na ϩ -containing external solution (C). Holding potential was Ϫ50 mV, and currents were elicited with voltage steps from Ϫ120 mV to ϩ120 mV in 20 mV increments. Current-voltage relationships before and after 8-bromo-cAMP are depicted in the right panels. Arrows indicate current level after 8-bromocAMP application. D, Peak current after 250 M 8-bromo-cAMP addition at ϩ80 mV normalized to control for both 140 and 0 mM Na ϩ -containing extracellular solution (n ϭ 6 for both; *p Ͻ 0.05). Error bars represent SEM.
ditions, only a small inhibition of I K by PKA and PGE 2 was observed (Akins and McCleskey, 1993; England et al., 1996) . In contrast, when I K is recorded in normal Na ϩ -containing Ringer's solution, both PGE 2 and PKA activation by cpt-cAMP cause a progressive inhibition of I K (ϳ36% inhibition) over a period of 20 min. Using nystatin-perforated whole-cell voltage clamp, we assayed the effect of PKA activation on the I K in DRG neurons in the presence and absence of Na ϩ in the bath. In external solutions void of Na ϩ (0 mM), 15 min after application of 8-bromo cAMP we observed a significant decrease in I K , but the decrease was small; only a 12% decrease in I K was observed (Fig.  2 B) when normalized to control (Fig. 2 D) . This level of inhibition is essentially identical to what was previously reported (Akins and McCleskey, 1993; England et al., 1996) . In parallel experiments in which neurons were bathed in an extracellular bath containing physiological levels of Na ϩ (140 mM), application of 250 M 8-bromo cAMP caused a much greater decrease in I K (Fig. 2C) (n ϭ 6) . After application of 8-bromo cAMP, there was an ϳ50% decrease in I K when normalized to control (Fig. 2 D) , and this percentage decrease was significantly larger when compared to Na ϩ -free conditions ( p Ͻ 0.05, unpaired t test). These results strongly suggest that under physiological recording conditions, PKA strongly inhibits I K , particularly the K Na component of I K . The loss of firing accommodation caused by PKA then could likely be attributed to the inhibition of K Na .
K Na channel gating is not affected by PKA modulation
It was previously found that native K Na channels recorded in excised patches from olfactory neurons are insensitive to PKA modulation (Egan et al., 1992) . Our group has recently shown that PKA does not directly affect Slack channels when expressed in HEK-293 cells (Nuwer et al., 2009) . Still based on the observed inhibition of K Na by PKA described above, we sought to determine whether the gating of native K Na channels recorded from DRG neurons exhibited PKA sensitivity. Using inside-out patchclamp recordings and after directly applying 100 U/ml of the PKA catalytic subunit directly to the patch, we found no statistically significant PKA-mediated inhibition of K Na channel gating (n ϭ 6, p ϭ 0.56) (Fig. 3) .
Slack channels are trafficked from the DRG neuronal membrane after PKA stimulation Evidence indicates that different ion channels are trafficked in DRG neurons after PKA stimulation (Ji et al., 2002; Zhang et al., 2005; Fabbretti et al., 2006) . We first investigated the membrane expression of Slack before and after PKA activation by labeling the N-terminal of the Slack protein with emerald green fluorescent protein (NtermGFP-Slack). We tagged the N-terminal instead of the C-terminal because the C-terminal portion of the protein contains all of the PKA consensus sites (Joiner et al., 1998; Nuwer et al., 2009 ) and a PDZ binding motif (Joiner et al., 1998) . The NtermGFP-Slack produced Slack-like currents when expressed in HEK-293 cells (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material), demonstrating that tagging the N-terminal with GFP did not affect functionality of the protein, nor did it prohibit the expression of the channel at the membrane. We then transfected DRG neurons with the NtermGFP-Slack construct and, after 48 h, performed live-cell imaging using confocal microscopy on successfully transfected neurons using an AlexaFluor-conjugated anti-concanavalin A antibody. Concanavalin A is localized to the membrane and thus served as a membrane marker. Fifteen minutes after the application of 8-bromo-cAMP (Fig. 4 A) , there was a decrease in the amount of Slack (green) that colocalized with the concanavalin A (red), represented by a decrease in yellow punctate in overlapping images. We found a significant decrease in the colocalization signal (Fig. 4 B) in six independently transfected neurons ( p Ͻ 0.05) after 8-bromo-cAMP application, indicating that NtermGFP-Slack channels are internalized after PKA activation. Although we did note some photobleaching in both the red and green signals over a period of 30 min (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material), bleaching was minimal, and therefore, the decrease in overlap was due primarily to channel redistribution.
We next investigated whether PKA-induced Slack channel internalization occurs with endogenous Slack channels. To do this, we conducted a surface-expression biotinylation assay. In unstimulated neurons, appreciable levels of biotinylated Slack protein could be pulled down with streptavidin beads and resolved by Western analysis (Fig. 5A) . In contrast, DRG neurons pretreated with 250 M 8-bromo-cAMP for 30 min had reduced Slack protein present on the membrane. In all of the six independent experiments, we found a consistent reduction of Slack channels at the membrane after PKA stimulation. In half of those experiments, we conducted parallel studies in which PKA was inhibited by pretreating neurons with the cellpermeable inhibitor Rp-cAMPS (100 M) for 30 min followed by 8-bromo-cAMP treatment (Fig. 5B) . In this case, surface Slack channel expression was comparable to unstimulated neurons (n ϭ 3). These data suggest that the internalization of Slack channels occurs in a PKA-dependent manner. Our biotinylation assays thus confirm what was shown in the live-cell imaging experiments, that Slack membrane expression is reduced after PKA activation. PKA did not affect K Na channel gating. A, Representative traces of excised insideout patches of K Na channels from DRG neurons recorded before and after direct application of the PKA catalytic subunit (100 U/ml). Bath solution contained 1 mM TEA-Cl. Patch was held at 0 mV and stepped to Ϫ80 mV. Shown are three consecutive sweeps of 900 ms duration before and after catalytic subunit application. B, NP O of 10 s of channel recordings after PKA catalytic subunit addition normalized to control (n ϭ 6). Error bars represent SEM. Results were not statistically significant ( p ϭ 0.562).
Knockdown of Slack channels produces a loss of firing accommodation in DRG neurons
Because PKA activation produces DRG neuronal hyperexcitability, a substantial reduction in the K Na component of I K , and Slack channel internalization, we wanted to investigate whether Slack channels are indeed responsible for firing accommodation in DRG neurons. Because there are no Slack-specific inhibitors, we used RNA interference to knock down the Slack subunit. We used Slack-specific siRNAs sequences generated by Ambion and initially screened their ability to knock down Slack message in a Slack stable HEK cell line ) (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). We then transfected neurons with plasmids that encode Slackspecific siRNAs and recorded whole-cell I K in Slack-specific siRNA and negative control siRNA-transfected neurons 72 h after transfection. We found that a combination of two different siRNAs at lower concentration produced the greatest amount of Slack subunit knockdown. Similar to the Na ϩ replacement experiments in Figure 1 , we found an ϳ40% reduction in I K in Slack siRNA-treated neurons versus negative control siRNA-treated neurons (Fig. 6 A, B) . We confirmed knockdown of Slack unit by both Western analysis (Fig. 6C ) and immunocytochemistry (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). However, because transfection efficiency of cultured DRG neurons is only ϳ5-8%, we used an adenoviral delivery method of siRNAs to neurons to confirm Slack protein knockdown. In our hands, we see Ͼ75% inoculation efficiency. After inoculating neurons with adenoviral Slack siRNAs, we saw appreciable knockdown of Slack protein after 72 h versus the negative control. Finally, we performed current-clamp recordings of untransduced, negative control siRNA-and Slack siRNA-inoculated neurons. Slack knockdown caused DRG neuronal depolarization [RMP ϭ Ϫ49.8 Ϯ 1 mV (n ϭ 8), p Ͻ 0.01] vs the negative control [RMP ϭ 52.7 mV Ϯ 0.5 mV (n ϭ 4)] and uninoculated neurons [RMP ϭ 54.7 mV Ϯ 0.8 mV (n ϭ 3)]. Repetitive firing, defined as more than two APs in response to 2.5ϫ the stimulus threshold, was observed in six of eight Slack siRNA-infected neurons, while no repetitive firing was observed in the negative control (n ϭ 4) and uninfected (n ϭ 3) neurons. These data strongly suggest that K Na channels contribute to DRG neuronal firing and that decreasing their activity produces DRG neuron hyperexcitability.
Discussion
When PGE 2 is injected into the hindpaw of rats, hyperalgesia peaks at 1 h and continues for up to 3 h, and when the phosphodiesterase inhibitor rolipram is coadministered with PGE 2 , hyperalgesia can persist for many more hours (Ouseph et al., 1995) . It is reasonable to conclude that ion channel trafficking in nociceptors is responsible for prolonged hyperalgesia. Indeed, nociceptive signals increase TRPA1 expression at the membrane through a PKA-dependent pathway (Schmidt et al., 2009) , and an increased Nav1.8 surface expression after PKA activation has also been recently described (Liu et al., 2010) . These studies suggest that Na ϩ entry increases in DRG neurons after PKA activation, and reducing the number of K Na channels at the plasma membrane will enhance the depolarizing effects of the increased Na ϩ currents. It is debatable which ion channels are most important for PKA-induced DRG neuronal hyperexcitability. Na V 1.7 is thought to be the primary Na ϩ channel responsible for nociception because of its ability to respond to ramp stimuli and thereby amplify generator potentials (Dib-Hajj et al., 2007) . Surprisingly, Na V 1.7 currents are not potentiated but in fact inhibited by PKA modulation (Vijayaragavan et al., 2004) . Other studies have shown that Na V 1.8 Na ϩ channel properties are modulated by PKA, Na V 1.8 message is upregulated, and channels are trafficked to the membrane, but in Na V 1.8 knock-out mice, inflammatory pain is reduced but not abolished (Akopian et al., 1999; Nassar et al., 2005) . Moreover, thermal hyperalgesia after PGE 2 administration to the hindpaw was equivalent in Na V 1.8 ϩ/ϩ and Na V 1.8 Ϫ/Ϫ mice (Kerr et al., 2001) . Therefore, it has been argued that the Na ϩ channels only play a minor role in increased DRG neuronal action potential firing following tissue damage (Momin and McNaughton, 2009) . Alternatively, H-channels have been suggested to be more important for PGE 2 /PKA-induced hyperexcitability than Na ϩ channels (Momin and McNaughton, 2009 ). H-channels are not directly modulated by PKA in DRG neurons (Komagiri and Kitamura, 2007) , so it is unclear how they can be essential to PKA-induced nociceptor sensitization. The case for K ϩ channels has been contentious. While some investigators have implicated a role for K ϩ channels in hyperexcitability during elevated cAMP/cGMP in nerve injury (Song et al., 2006 ; Representative images a DRG neuron transfected with NtermGFP-Slack (green) colocalized with membrane-bound concanavalin A (red) as revealed by yellow punctate in overlapping images (marked by arrows), before (upper panel) and 15 min after (lower panel) 250 M 8-bromocAMP application. Images were taken from a single slice of a z-stack using a 63ϫ objective on a Zeiss confocal microscope. Chamber was kept at 5% CO 2 and 37°C. B, PKA activation reduced the colocalization of NtermGFP-Slack with concanavalin A. Colocalization or gray values were determined using ImageJ colocalization software (n ϭ 6; *p Ͻ 0.05). Error bars represent SEM. Zheng et al., 2007) , the primary rationale for a lesser role if any for I K in PKAmediated hyperexcitability is an apparent lack of modulation of I K by PKA. Prior studies have shown that cAMP cellpermeable analogs only caused a slight inhibition of I K (ϳ12-15%) (Akins and McCleskey, 1993; England et al., 1996) . However, these studies were conducted in Na ϩ -free external recording solutions, and when we record I K after PKA stimulation, we similarly see a small inhibition. On the other hand, when examining I K using whole-cell voltage clamp, over a longer period of time (e.g., 20 min), in Na ϩ -containing external solutions, a larger decrease (36%) of I K by PKA in DRG neurons was observed (Evans et al., 1999) . We found a near 50% PKAmediated inhibition of I K using perforated patch-clamp experiments in solutions containing Na ϩ in physiological concentrations within 15 min. We would argue that our experimental approach is the most physiological and accurately reflects the inhibition of I K by PKA. Moreover, because K Na is a prominent rectifying current in different neurons (Dale, 1993; Hess et al., 2007; Budelli et al., 2009; Lu et al., 2010) , we propose that any modulation studies of I K in neurons should always be conducted in Na ϩ -containing external solutions.
Based on their intrinsic voltage dependence and gating properties (Joiner et al., 1998) , computer simulations have predicted that Slack K Na channels cause firing accommodation in model neurons (Brown et al., 2008) . In this report, using RNA interference, we have now shown that knockdown of Slack K Na channels produces a loss of firing accommodation. This marks the first direct demonstration of the contribution of Slack K Na channels to neuronal excitability. In addition to inflammatory pain, DRG neuronal hyperexcitability is also important to neuropathic pain pathophysiology (Chung and Chung, 2002) . Curiously, in neuropathic pain, DRG neuronal hyperexcitability is also thought to arise as a direct result of Na ϩ channel upregulation (Novakovic et al., 1998; Roza et al., 2003; Devor, 2006) . In conflict with this view is the normal development of neuropathic pain during nerve injury in various Na ϩ channel subtype knock-out mouse models (Porreca et al., 1999; Kerr et al., 2001; Nassar et al., 2005 Nassar et al., , 2006 Priest et al., 2005; Amaya et al., 2006; Krafte and Bannon, 2008) . Alternatively, I K is reduced under neuropathic conditions (Kim et al., 2002; Tan et al., 2006) , and therefore our findings strongly suggest that Slack K Na channels might be involved in multiple disease states associated with DRG neuronal hyperexcitability. Indeed, their ubiquitous and abundant expression patterns in DRG neuronal cell bodies and axons suggest that these channels act to prevent neuronal hyperexcitability. During inflammation and/or Figure 5 . PKA activation decreases membrane expression of endogenous Slack channels in DRG neurons. A. Representative blot of membrane Slack biotinylation assay. Membrane biotinylation and precipitation by streptavidin followed by Western analysis using a Slack-specific antibody were performed on untreated neurons, neurons treated with 250 M 8-bromo-cAMP for 30 min, or neurons pretreated with Rp-cAMPS for 30 min followed by 250 M 8-bromo-cAMP for 30 min. B, Densitometric analysis of Slack membrane expression when normalized to actin (n ϭ 3; *p Ͻ 0.005). Error bars represent SEM. Figure 6 . Knockdown of Slack channels produces a loss of firing accommodation in DRG neurons. A, Representative whole-cell current I K recordings of DRG neurons transfected with negative control siRNA-(left panel) or Slack-specific siRNA-(right panel) encoding constructs. B, Averaged current-voltage relationship of I K measured from negative control siRNA and Slack siRNA (n ϭ 8; *p Ͻ 0.05). C, Slack protein knockdown was confirmed by Western analysis on neurons inoculated with adenoviruses containing negative control or Slack-specific siRNA. D, Representative action potential recordings in untransfected and negative control siRNA-and Slack-specific siRNA-inoculated neurons. Current-clamp recordings were performed using a 2.5ϫ threshold for 1000 ms. Loss of firing accommodation was observed only in Slack siRNA-treated neurons (6 of 8).
nerve injury, targeting these channels, either directly or at the proteins that regulate their trafficking, could offer a novel approach for analgesia.
